In vitro molecular evolution is regarded as a hill-climbing on a fitness landscape in sequence space, where the 'fitness' is a quantitative measure of a certain physicochemical property of a biopolymer. We analyzed a 'cross-section' of the enzymatic activity landscape of dihydrofolate reductase (DHFR) by using a method of analysis of a fitness landscape. We limited the sequence space of interest to the fivedimensional sequence space, where the coordinate corresponds to the 1st, 16th, 20th, 42nd and 92nd site in the DHFR sequence. Thirty six mutants mapped into the limited sequence space were taken in the analysis. As a result, the cross-section is of the rough Mt Fuji type based on the mutational additivity. The ratio of the mean slope to the roughness is 2.8 and the Z-score of the original ratio against a distribution of random references is 7.0, which indicates a large statistical significance. The existence of such a cross-section was discussed in terms of the occurrence probability of sets of five sites distantly separated from each other on the DHFR 3D structure. Our results support the effectiveness of the evolution strategy which exploits the accumulation of advantageous single point mutations in such a cross-section.
Introduction
Exploring fitness landscapes of biopolymers and revealing statistically universal properties underlying in the landscapes are very important for making efficient evolution strategies (Voigt et al., 2000) . In evolutionary molecular engineering, the 'fitness' is a quantitative measure of a certain physicochemical property of a biopolymer (e.g. enzymatic activity, affinity to a ligand or structural stability). We previously proposed an analysis method of a local fitness landscape for a current biopolymer , that is, an analysis method of the sequence-fitness relationship. The method is based on a model of a rough Mt Fuji-type landscape as the additive fitness model. We applied the model to analyze a cross-section of a local landscape for the thermostability of prolyl endopeptidase and that for the enzymatic activity of thermolysine. These cross-sections were proved to be of the rough Mt Fuji type with θ values of Ͼ1.0, where θ is defined as the ratio of the 'mean slope' to the 'roughness' on the fitness surface.
In general, it is impossible for us to explore the immense sequence space of all possible sequences of biopolymers. Experimental limitations with respect to the mutagenized sites in a wild-type sequence and the number of residue types available for each site force us to reduce the size of sequence space for exploration. Consequently, we can depict only a 'cross-section' of a local fitness landscape, on which our interest is focused.
Iwakura et al. explored the enzymatic activity landscape of dihydrofolate reductase (DHFR, EC 1.5.1.3) with a chain length of 159 (M.Iwakura, K.Maki, J.Suzuki, C.Yamane, in preparation). Initially, they constructed a fully active Cys-free DHFR containing a double point mutation of C85A and C152S (this double point mutant was abbreviated as AS-DHFR). The enzymatic activity of AS-DHFR is the same as that of the native wild-type Escherichia coli DHFR. The AS-DHFR was the initial sequence in the following artificial evolution experiment. The saturation mutagenesis was performed at each of the five sites (1st, 16th, 20th, 42nd and 92nd sites) where methionine residues are located in the AS-DHFR sequence, with the aim of producing methionine-free mutant, which is prevented from oxidation. The enzymatic activity was evaluated spectrophotometrically at 15°C by monitoring the disappearance of NADPH and DHF at 340 nm. Several (nearly) advantageous or neutral single point mutations enhancing or keeping the activity were selected as candidates for the following optimization. Subsequently, several multiple mutants incorporating the selected mutations or wild-type residue at the five sites were constructed and evaluated for the relative activity. It is noted that the artificial evolution of the enzyme was carried out under the selection pressure in the scale of the natural logarithm of the relative enzymatic activity. We analyzed the 36 clones of DHFR mutants by using our model, regarding AS-DHFR as the 'wild-type' in this paper.
Materials and methods

Basis of model and analysis of the fitness landscape
Picking out all of the mutagenized sites in a particular 'wild-type' sequence, rearranging them in arbitrary order and numbering each of them from j ϭ 1 through j ϭ v, we define the edited 'sequences' with the length v (where the nonmutagenized sites are not considered). Let λ j be the total number of residue types available for the jth site. Then, we consider the {λ 1 , λ 2 , . . ., λ v }-valued v-dimensional sequence space of all possible sequences of Π j ϭ 1 λ j .
The 'fitness' of a sequence P, F P , is composed of an additive term F P and a non-additive term ω P as a small random component:
where O represents the optimum sequence that corresponds to the single peak on the additive fitness landscape and α Pj represents the particular residue at the jth site in the given sequence P. Therefore, α Oj denotes the 'correct' residue at the jth site in the sequence O. w j (α) is the 'site-fitness' as a fitness contribution from a certain residue α at the jth site. The mean site-fitness over 'incorrect' residues for the jth site is denoted by
where Σ α α Oj means that the sum is taken over all the 'incorrect' residue (α α Oj ) for the jth site. We define a 'mean slope' as the mean change in fitness when an 'incorrect' residue (α α Oj is replaced by a 'correct' residue (α Oj ), and define an 'altitude' as the difference between the highest F O and the mean fitness over all possible sequences.
Let 
where δ(α,αЈ) is Kronecker's delta. After obtaining the site-fitness w j (α) for all available residues, the 'mean-slope', 'altitude' and 'roughness' of the landscape are determined, respectively, as follows:
In addition, the θ value as the ratio of the mean slope to the roughness and Θ value as the ratio of the altitude to the roughness are determined:
As the θ or Θ value becomes larger, the surface becomes smoother in comparison with the mean slope or altitude. When θ or Θ is small, O does not necessarily correspond to the global optimum. Therefore, we call O the 'pseudo-optimum'.
A permutation testing is necessary to evaluate the statistical significance for the original θ value, by comparison with the reference θ values for 'randomly shuffled landscapes' created by randomly shuffling the fitness values in the sequence space. In almost all cases, randomly shuffled landscapes are expected to show no correlation on their surfaces. Generating a number of them by the Monte Carlo method and analyzing them as we mentioned above, we can obtain the frequency distribution of the θ values for the randomly shuffled landscapes. Then we defined the Z-score for the original θ value as
where θ ORG denotes the original θ value and E [θ RSL ] and SD [θ RSL ] denote the mean and standard deviation for the Table I . List of mutants of dihydrofolate reductase a a Each sequence is represented by X 1 X 16 X 20 X 42 X 92 . Double point mutations, C85A and C152S, are fixed for all the 36 clones. A is the AS-DHFR sequence (as the 'wild-type' in this paper). The pseudo-optimum on the landscape was estimated as AFLYM by extrapolation from the landscape properties obtained. Encoding AFLYM in terms of the numerical sequence 00000, we encoded each sequence in terms of the corresponding numerical sequence. The activity was evaluated spectrophotometrically at 15°C by following the disappearance of NADPH and DHF at 340 nm. The values show relative activity against the native wild-type E.coli DHFR. The upper and lower values are experimental values and theoretical values (mean with confidence interval of 68%), respectively. frequency distribution of the θ values for the randomly shuffled landscapes, respectively.
Results and discussion
Based on the AS-DHFR sequence (C85A, C152S), Iwakura et al. constructed 35 mutants incorporating amino acid substitutions at the five sites (1st, 16th, 20th, 42nd and 92nd sites) where methionine residues are located in the AS-DHFR sequence. The enzymatic activity was evaluated spectrophotometrically at 15°C by monitoring the disappearance of NADPH and DHF at 340 nm. For normalization of activity, the measured activity was divided by the absorbance at 660 nm, which is proportional to the total amount of the enzyme. The adopted measure of enzymatic activity is approximately proportional to the specific activity of the enzyme. These 36 clones and their relative activity are listed in Table I .
Since the enzymatic reactions of the DHFR mutants obey a Michaelis-Menten mechanism with K m values in the range 1-10 µM and the concentration of the substrate DHF was 50 µM, the specific activity is approximately proportional to the turnover number k cat . Therefore, we define the fitness of each clone as the natural logarithm of the relative activity, to treat the fitness on the free energy (over temperature) scale (Matsuura et al., 1998) . The coordinate of the sequence space Fig. 1 . A cross-section of a local enzymatic activity landscape for dihydrofolate reductase. λ 1 ϭ 2, λ 2 ϭ 6, λ 3 ϭ 4, λ 4 ϭ 4, λ 5 ϭ 3, ν ϭ 5. The sequence space is projected on the plane of the page. The sequences denoted by letters (shown in Table I ) are located at nodes: A denotes the AS-DHFR and B, C, ..., Ω denote mutants. A single point mutation is represented by the corresponding vector shown as an arrow. The bold letters on arrows represent amino acids and are arranged in increasing order of site-fitness values. The fitness of a sequence is represented by the height of the bar standing at near the corresponding letter (arbitrary unit). The black bars are for experimental fitnesses (F Pi ) and gray bars are for additive fitnesses (F Pi ) obtained from the analysis.
that we are considering consists of {M,A} at the 1st site (j ϭ 1), {M,A,F,N,S,R} at the 16th site (j ϭ 2), {M,I,L,V} at the 20th site (j ϭ 3), {M,F,V,Y} at the 42nd site (j ϭ 4) and {M,F,I} at the 92nd site (j ϭ 5). This is the {2,6,4,4,3}-valued five-dimensional sequence space. We note that the 85th and 152nd sites are fixed with alanine residue and serine residue, respectively. Figure 1 illustrates the fitness landscape in this space. The pseudo-optimum O on the landscape was expected as a sequence 'AFLYM', while the most inferior sequence was expected as 'MRVFI'. Each axis in the sequence space in this figure is expressed by an arrow and amino acids on each axis are arranged in increasing order of site-fitness values that we obtained through the analysis. We can see the gradient of the fitness from the lower side through the upper side. The gradient shows the feature of the (rough) Mt Fuji-type landscape. Figure 2a is a graph showing the interconnection of the 36 clones with the corresponding additive fitnesses (F Pi ) and is an another expression of the fitness landscape. We note that the presentation for experimental fitnesses (F Pi ) on the same graph is omitted because it is very similar to Figure 2a . The clones which are interconnected to each other by the unity in the Hamming distance (d ϭ 1) are grouped into the three clusters. The three clusters are interconnected by a Hamming distance of 2 (d ϭ 2). A good point of this expression is that we can follow the fitness correlation of neighbor sequences, such as a conspicuous tendency that clones with large fitnesses are relatively close to O. Figure 2b is an expression of the landscape of the residuals ω Pi (ϭ F Pi -F Pi ). We can see that the residuals are not mutually correlated between neighbor sequences. The correlation length of the 'residual landscape' 636 was calculated to be less than unity in the Hamming distance . The landscape properties compiled in Table II show that the cross-section of the enzymatic activity landscape of DHFR is of the rough Mt Fuji type. The Z-score of the θ value, Z θ ϭ 7.00, indicates a large statistical significance. This result supports the hypothesis that mutational effects are almost additive in current proteins (Schreiber and Fersht, 1995; Zhang et al., 1995; Matthew and Thomas, 1996 and the effectiveness of the evolution strategy which exploit the accumulation of advantageous mutations in a cross-section of the rough Mt Fuji type (Kuchner and Arnold, 1997; Voigt et al., 2000 ; M.Iwakura, K.Maki, J.Suzuki, C.Yamane, in preparation).
The results of the analysis are shown in Figure 3 . The correlation between the experimental fitnesses F Pi s and the additive fitnesses F Pi s is shown in Figure 3a , with a correlation coefficient r ϭ 0.95. The relation between F Pi s (or F Pi s) and the Hamming distance from O, d Pi s, is shown in Figure 3b . This figure is one of the simplest expressions of a fitness landscape, where the sequence space is projected on to a single axis representing the Hamming distance from O. We can see a descending slope from the peak O in this figure and this slope corresponds to the mean slope of the landscape (Ͻ|ε j |Ͼ w ϭ 0.70). Figure 3c shows the relation between fitnesses of multiple mutants and those predicted by strict additivity of the component mutations. It is remarkable that the plot in Figure 3a is much less discrepant from the diagonal line than Figure 3c . This implies that the former plot is more effective for presentation of the mutational additivity. Figure  3d shows the site-fitness distribution at each site (Aita and Husimi, 1996) . The third site (j ϭ 3) has the least tolerance to amino acid substitutions. Figure 3a and c show different aspects of the same landscape. The former is made based on the site-fitness determined through the analysis and the latter is made based on the fitness change observed in the mutants. In the latter plot, the information of local landscapes around the wild-type sequence mainly influences the plot. The 'additivity' in mutational effects has been considered in terms of the latter plot (Wells, 1980) . However, the better correlation shown in the former [r ϭ 0.95, P ϭ 9.1ϫ10 -19 , AIC ϭ 35.8 for Figure 3a ; r ϭ 0.77, P ϭ 3.9ϫ10 -5 , AIC ϭ 43.2 for Figure 3c ] suggests that it is better to consider the additivity in terms of the former plot. Therefore, we should take into account the fitness landscape unbiasedly to comprehend the additivity. In the case where sufficient sequence-fitness data are not available for the analysis, we cannot draw the former plot.
The concept of approximating a fitness by the summation of site-fitnesses is related to the mean-field approximation in physics. It is important to consider the relation between the site-fitness change ∆w j (α) and fitness change ∆F j (α) in a single point mutation from the outgoing residue (wild-type residue) to an incoming residue α. The discrepancy between these values decreases with increasing additivity. Figure 4 shows the correlation between site-fitness change ∆w j (α) and fitness change ∆F j (α). Although these quantities do not show quantitatively the same values, these are well correlated with each other.
The structural basis for the additivities in the mutational effects for DHFR may be the spatial separation of the sites. Based on the spatial coordinates from the PDB (PDB code ϭ 1DDR), the distance between the α-carbon (β-carbon) of the side chain of Met16 and that of Met20, the distance between Met42 and Met92 and the distance between Met1 and Met92 are 8.6 (9.1), 9.1 (9.4) and 8.7 (10.2) Å, respectively. Other pairs have a distance Ͼ10 Å. These distances seem to be long (Ͼ7 Å) enough to avoid interactions among these sites (Schreiber and Fersht,1995) . Following this, we examined the occurrence probability of sets of sites distantly separated from each other. First, we randomly chose 10 6 sets of n sites from among all the 159 sites in the DHFR sequence by the Monte Carlo method. Second, we counted the number of sets of n sites satisfying the condition that the distance between two α-carbons for every pair in the set is greater than d c Å. We used d c ϭ 7 or 8. As a result, the occurrence probability of the sets is 60% (53%) for n ϭ 5, 9% (5%) for n ϭ 10, 0.3% (0.05%) for n ϭ 15, 0.01% (0.0008%) for n ϭ 18 and 0.001% (Ͻ0.000001%) for n ϭ 20 (the values in parentheses are for d c ϭ 8). This result suggests that the occurrence probability of cross-sections which are probably the rough Mt Fuji type decreases exponentially as the dimension n increases linearly. Also, our result for n ϭ 5 in this paper is a frequent case (Ͼ53%). In addition, we examined the occurrence probability with respect to thermolysine (1LNF) and prolyl endopeptidase (1E5T), whose cross-sections were analyzed by Aita et al. and 22 other proteins, which are designated as 'representative protein' in the FSSP (Fold classification based on Structure-Structure alignment of Proteins) database. The occurrence probability for n ϭ 5, 10, 15, 18 and 20 is plotted against the chain length of the proteins in Figure 5 . Following the result that the occurrence probability is dependent on the chain length, we examined the occurrence probability of sets of n points separated by more than d c Å from each other in a sphere with a volume of 142 Å 3 ϫchain length, where 142 Å 3 is the mean volume for amino acids (Zamyatnin, 1975) . The results from this sphere model show good agreement with those from the simulation for each protein (Fig. 5) .
The analysis of the cross-section of the local fitness landscape reveals the corresponding landscape properties such as a mean slope, roughness and the ratio between them. In almost all practical cases, the cross-section may be constructed by defining the point of the wild-type in sequence space as the origin and defining several sites showing large fitness improvements as axes of the cross-section. Following this, we can expect that the top of the cross-section will be roughly close to the (local or global) peak of the underlying fitness landscape. The mean change in site-fitness over single point mutations from the wild-type residues to the optimal residues roughly gives the mean slope of the cross-section. Although the mean change in site-fitness is inherent in individual cases, the results of the analysis that we have carried out for other proteins so far suggest that the mean slope takes values ranging from 0.5 to 2.0 and the θ values are Ͼ1.0 unpublished data) . If a large number of sequence-fitness data for many proteins are accumulated and available for the analysis, we will be able to obtain the statistically universal quantities of the landscape properties and may apply the information to efficient evolution strategies.
